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INTECDUCTIDN

In the second quarter we estsblished that penetration of zins
threugh separstors ccours by deposition of hesvy sponge nodules
within the separators. This type of sponge is formed when demdritic
grouowth iz resiricted, XMossy zine, wvhich is the typicsl deposit for
gine plates which have not been overcherged end which sre in early
zycliss, does not peneirste, We alsc invastifsted stecrpiion isctherms
of gincate in the sepsrators and studiied the density of Einc deposite &s
8 fomctien of ginc overpotentisl and other Tactere, In the third
quarter these studies were continued.
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e uiffusior cosfficient of linecste iw KOF Solutiens,

To esiimete the diffusion limiting cwrent wider variocus conditieons
of piating the diffusion coefficisent wust be kmown. Sinte no litersture
am are svailable to show how this coefficlent changes in very sonten-
rated solutions, it wes nscessary to measure it. Polarography on the
mereury dropping slectrode wes wsad for this purposs., Polograme were run

¢ph without oscillstion dseping. The cepillary

effiriency wee 3.00 mg/sec and the drop times gre given 4in the Table 2.1.

Table 2 2l

EOH Concentrstion Drop Time
55% 1.60 sec
25% 1.77 sec
3& 1.92 set
35% 2.20 sec
hot 2.61 sec
hhg 2.62 sec

Zine is espily deterwined polisrographicslly in certsin supporting
electrelytee, For exeople it giver 8 well defined weve 2t 1.0F in
smmonis buffers (1X !EH&CI, 1% miheg}

In XOH solutians the % is about 1.5V and 4f the ECH solution i=
concenirsted the weve does not sepsrste well from the current of the
sepparting electrolyte.

It was reported that for some conditions{Dirkse, Silver Migratiom,

Znd Cusrt. Rep. Aerc Prop. Lab, contrect if 33{615}-1236-1%6L) zinc forme
e double wave in comecentrated ECH solutions. As is imown, in cencentrsted

eisciroiyles pelarogrephic merxime of Z-nd order ususlly sppesr mmiess

e o et MR ki e
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sromeriy derred with ¢ surfece sriive sutslsnce, IurfEce scilive
subriences dgrp poloragrephic mexims only in ihe poieniial range in
which they sre adsorbed, Most of the commonly used maxime darpiing
substences cemnot be used in concemtrsted KOH becsuse of their desarp-
ﬁwlt Jow potentials. Censequently en agparaut second weve sppesrs
sbove the desorption potentisl, which is not 4iffusion current but &
pexismm of Z-nd order.

In cur 2-nd guerterly report we remoried the desorptiom petentisls
of soms gurfsctants inclmding Triten X100 snd Igepal 00-730. The half-
were potential for zinc lies within the renge of potentisls in whieh
‘é‘;‘;;;aa deparbe, Consegquently sincats in the presencs of Tritom produces
aﬁ apparent double wave. Igepel was shown to desrob more gradually over
« much wider range of potentials which includes the sinc half-wave
potentisl, Consegquently Igepsl damps the maxinmue corpletely ond only »
gingle wave sppesre in the ginc smelysis.

Sclutions ef £ x U =3 gincete in ¥OH of vsrious comcemirstions
were prepared, sstursted with Igepal, filtered and flushed with E2 gas
for 15 minutes.

Pelarograns on these solutions are shown in Fig. 1 and Fig 2. BRlsnk

% without gincate are showm elso.
The diffosion coefficient can be caleulated from the height of
the polarographic wave only if the wave represents s diffusion limited

surrent snd not £ kineticslly limited ewrrent. In concentrated KCH
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there &re &t lssst two weys ir which the sincsts sornlex con be
reducsd., Trameport of the elecirons cam be preceded by the dissoei-

gtien of the sincate cemplex to Zn *°

zn{sg)f - m*2 + LoE~

Zn*? + 2¢” - Za®
« it can be reduced directly.

e - .
(oE)?  + 28 = 7a® 4 Loz

In the case of dissocisiion of the carplex there exisie a possi-
Bility that dissocisiion would be & rate liriting step. The usus) polaro-
grephic techmigque io determine whether diffusion or dissocistion 1s
‘1imiting the overall reaction rste is to check the depandecne of the
iiﬁimmtmt&ammdmmtumtﬁmh.
Change in pressure corresponds to change in the height of the mercury
igvel. Kimetie cuwrrents are proportiensl to the surfsce sres of the
érop and indepsndent of ihe rste of mercury flew, Diffusion 1imited
currewts sre dependent on the rete of flow and are proportional to the
square root of mercuwry pressure ("Hg}‘

© The dependence of the polarographic limiting cwrent of sincete
{52 m‘% rin 35% XOH) on the square root of the mercury pressurs is
shown in Fig. 3. The curve is linesr snd the rise in height of polbre-
graphic wave indicates that the cwrrent is diffusion limited and thst
dizsoeiation ix not 8 limiting step. Tt dose not disclose wheiher

dissociation precedes the recuction step. If the concentration of the




J i inrrsesed, Iy tboWld become were nepaiive

P

if dizzocietion ir inveolved, (Othemrize E}},«’? ¥ill stey constant.

¥ig. L shows that 31/2 7aries only by sn smount corresvemding te
the changs in Fg/Hgl potemtisl. Consequently E;!{t? ‘e constant., The
diaebnrga of sincete iom is therefore probebly 1tmited by chargs tramsfer
of 2t Isas':t the first asleciron. ¥e will semume for ihe moment thst a
eirilar mechanisw 4= 4mvclved when Dlating gine on ginc although slew
gurface 3iffusion of sdotome mey be the rate liriting step in sctivatien
control,

Cnce 1t is kmown that the rate of sinc deposition on s mercury
dropping electrode is diffusion limited the diffusion cocfﬁeieﬁt D can
be caleulsted frox the wodified Ilkovie aqntiem
w2 o3 ue MR

Cx t (1 7T )

1, = 607D

where: i,:g * ihe diffneiom limiting current
& = the nurber of elecirens invelved in rescticn = 2
C = the concentration of tircste in willimoles per liter
m = the cepillary efficiemcy in mg/sec

o

L = the drop time of mercury in sec

A = constant, ftaken as 31.5 following Meitee and Meites although
some error (uwp to 57) may be comnected with the cholce of
this constant,

The beight of the polarographic weves Wiz messured in two weys - with
srd withewt correcting for ewrrent of ithe gupporting sliectrsiyte. Curve ]
in Fig. 5 represents the dependence of the limiting curremt of zincste on
the coneemtretion of KOH, messured in the nermal way. It includes neo

carrection fer blanis,




Curve ¥ in the seme Fig. represenis corrected waliues, Inseriion of

these values into the Ilikowvic equetion yields the d4ffusion coefficient

3z & Imction of KOH concentration. It is evident that for KO¥ con-
centretions up to 308 the cuwrrent and therefare the diffusion coefficienmt
stays practicslly constent. This wark§ out to about 8,5 x 100 en?/sec.
At higher concentrations a suiden decresse down to 1.5x10-5 cn’/sec ocowrs.
The caloulsted diffusion coefficients are shwon 4in Fig, §. This sudden
decresse in diffusion cosffinient is rether surprising. The shape of the
curve does nct covrespond to the Einmstein-Ctokes squsiion

D= B
, en R
Wheret k = Boltsman constant r = Particls radius
‘ T « ibsolute tempersture R = Viskoeity

This equation requires thtth be propertional to % .

InFig. 7, D wes plotted ss < #nd no linesr relsticnship wes obieined.
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3,  Selubility snd Diffusion of Zincste in Hembrenes

2,1 Outline for Calculation of Bncete 5slubility in Merbranes,-During

the sine penstretion process s growing sinc dendrite lesves the liquid
phase snd enters the solid phase (separstar). The diffusion coefficients
in the phases are obviously differemt. As we showed in our second quarter-
1y repert, £hs concentration of zincste in the two phases is slso different,
=he diffusion coefficients end the sepsrstion cosfficient of zincste
between the phases then detersine the concentrstion gradient across the
roubrens.

Inowledge of the zincate trsnsport parsmeters is necessary fer under-
standing of the plltﬁg of zinc inside of the separators. The determi-
netion of the diffusion coefficient is complicated by the fact that the
snelyticel concentrsiion of zincate in the membreane does not necessarily
correspond te the concentratisn invelved in diffusion, The difference is
due to chewisgrptisn of sincsie in ihe wembrene,

Consider now Fig., 8, Iine Obod representis the shape of the sbecrpiion
curve in cellsphane or PVA. It shows three distinct regions. In the first
region the concentration absorbed sincate rises sharply but the slopes de~
creases to s piatesu, In the second reglon the slope starts to incrsase
sgain., The third region is the second platean.

Thet the firet region represents sdsorption (1line Os) is clear from
the fsct thet the anelyticsl concentretion of ginecats in the deparsior iz
rary times larger than in the surrounding solution. The pressnce cf
surfactamts 4n the sclution influences the first region, probably due to

competitive sdsarption. This will be discussed in section 3.h.

e e bbb



The second reglon is mors controversisl., If the second rise repre-
:@nt-d the BET type of isotherm with formetion of multilayers, them thie
would mesn thst there iz practicslly no free zincate in the mewbrane.

This is incowpetible with the fact that Zn0 crystallises in slightly
dried membranes as will be discussed in sectiom 3.5. It is slsc incom-
petible with the fact thet sincate diffuses through mewbranes, Although
the rate is slowsr then in fres elecirelyte neveriheless some free
sincite wust be invelved in the process. It sppssre therefore thet the
second regiosn corresponds to the fres sincate present in the mesbrane
{1ine b). The third region indicates probably that saturstion of the
t}.oct:olyh uith sincate in the mexbrans occurs before the saturation
of the external solution.

Let T be the total analyticsl comncentration of zinoste in the
wexbrane, S& = the pseudc concentration of sdeorbed sine in moles per
liter of sbeorbed liguid sdjscent te the sdecrbent [organic fiber) and
Qr = concentration of Iree zincsie present inA the interfibrilsr liguid.

Then
C=C, *+C {3.1)

Let c‘m be the gincate concentration in the external electrolyte. The
sxperimental dependence of C on C°° follows the pattern given in Fig. 8.
Sf doss not increase linssrly with ineresse of the cutside concentretion

of sincate (CO%), indiceting that the ratio C,/c%% & K, varies with cos,




ABEURe 148t the Nermet pertition lsw

. £, C
—— - LT _ .g, (3.2)
Zou 20U o0

where the f's the sctiviiy coefficients, and the a's are the sctivities
holds for the distribuiion of zincste batween the mewbrsne snd the cuiside

solutien, It is further sssumed that ff,ff'm ineresses with C°F,

let us express (3.2) in terms of chemics) potentials:

Py E E L2
e GBFT Ee fee
o (3.3)

Where af' is the difference in standard chemickl potentials betwsen
the twe phases, and rtf ’fi are the excesses of chemical potentials.

The chemical potentisls{ u ) sre of course equsl in both phases.

In {3.3) -exp (~x, /¢r) repressnis £, 8md exp { n,./KT} repressntz +°U.
LR - H -
If CF 18 the owtside concentretion st which zinsats becomes seturated in

the membrane, then we can assume that when C%® - c:'=§ then &
. . «

| E E B , E E_ o
,wlig{;:f-fﬁm)-fui - P where LMI‘PQ)hméM
in chemical potentisl excess for imer and outer rincate, when

(3“ - ﬁ:u ) and express this fermslly by an approximste linesr
relstionghip: -t
E .o E EC
- - ;V. - { - om— -
( Ry fon ) L, e ) (3.5}
5

where ﬁf and :ﬁf 2re conetmt,

Substituting this into Eq (3.3) gives the dependence of C, on cou
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2 E
Let us calls K = Ky exp (- /AT), and &y = A5/¥T

. g‘ Coa/c'tm
_ ~0n
Then Cf - A A (3.6)

For swall valuse of COU ghen the quantity of sdsorbed sinsaste variss,

we have: n e e
g T oL

7 “ven {:

Ly
—~3
st

idserpiien on the fibers inside the membrane depends directily on
nd ondy through C Lp om goe,

mm; thﬁ ﬁu n:mber of sdsorptien sites ani the heat cof adsorptien
are em@nt, and utilising Eq {3.7) we can write the Langruir adsorpe

tion imeithere &5 _
s ‘E;c"“"'"ﬁ;gﬁ' (3.8

Where Ggy 48 the 1imiting velus ¢f C, #rd K, 1s & constant,

Combining (3.1}, {3.5), (3.6} and {3.8) we obtein en expression for the

total amalytical quantity of sincate in the membrane a# s functien of

cm,r.‘
Ky CUCE  (3.9)

C=C_ ou
T‘"ﬁ;ﬁ M
Because C. corrssponde to the situation when Cr equals i‘.; whish

csnnot be eresedad ws surplspent this isgiher= by s conditien

¥
: '1 7 -xg . o) -
Cem KOy € zor 811 c°2 > U




Note that C°“ cen excead C% 1f the solution superssturstes. This

sdsorptlion isotherrm is imporient becsuse it gives us the functiomsl

dependence of C, end C;/0%gm (%, {and especially becsuse it persite ws tof \
caloulate C, K, K,, zé,;m €Y, 811 of which ers easily cbteined. :
We can determine the limiting edsorption Co= U~ by messuring the

height of the first platesu as in Fig. 8.

¥e can determine the sdesorption coefficient K? from the reciprocel of

-

the exyression for Lenpgruir sdsorpiion isotherm

{3.10}

The slope of the plot (Ceo /Cy) ¥8. (COU)™2) for initisl pert of the
absorption isotherm gives us (KKp)™, After determining X ss given
below we calculate Koo

The constent K 48 found from & plot of In {af,fcca ve. C;i

the velus of C%% {n the interpsdisie region.

Since  1nC /0% = In K + K COUc]" (3.11)

Gzﬁ is resd by sxtrapolsting the eurve b and plateau 4 %o the

intercept. (Fig. 8). For our purpose ths range of very low C°0

C, + Cp = (K, + 1) KCO® (3.12)

{8 espacislly 4rportant rince it 45 in that renpe of C°Y thst plsting

.

n in the rembranee tskee place,

LY

-1
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a8 will De elLown 1eier ihe railc ;.»Zp'“ w g Foar gmall 77
it 4

velues i largu. OCince only Iree zincate csn perticipsie in the 4ife
{usion, Cp detsrmines ihe rate of plating. The large vaiuza found for
5‘:"’/{:1. sxplaing why Separatars are effective in preveating gine penetratisn
2= long as ceriain condiiions are fulfilled. The necezsary conditions

for zinc growin in the sapaTetsr wil) Y- discusse? lster in this report.

3.7 {utliine far &leah‘éicﬁ of Eincete Bistribution 4n the Mazbranes

Buriny the Statisnsry Bitfusisn,

o
£

iet us ta¥e & mertrane, of thickenss L, belwnsn iwo ~incste
x::iniia? T and II. Diffusion occurs aleng the I cosriinmte in the
rewbrana, Lel thas imterlacs between the rerbrene and solution IT be at
10, while the interfsce betwsen the membrane and solution I is st Xe Q,.
The coneentration of sinesie in sslution IT is squal to Zg, whils the
eancantration in solut I is 3.?’3 | Only the gradisrnt of C, acroes

the mexbrane will be responsibls for 3irfusion.

b
e}
3

s
8]
(&%
e
o+
[+ ]
.
b

Under such conditiorns the £I1ux of ginczte along the

the membrane is represenied by

- {E}“: )
J = yf\b 7 con {3.13)
1T

and w111 be Tumction of B?’ since botk 7 and C_ are functions of the
1 £ t
outsile camcemtration T .. €, is dzpendent on Coy 3% ¥as sghown in

Bg. {2.5)
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~L - K T/t Kaxp (K, oA (3.1k)
cgﬂ

o8 £ <K /K™ e (F, cou on (2.15)

Lhence SFSUE B s 16)

Where N, is the mole fraction of gincete i- the electrolyts present

in the membrene and I, is the corresponding ectivity cosfficient.

3

hi 4

Troguse im oour csse ¥ L 0.1 Fg. (2.17) refucce tar

ty

e - L 4 (3,18)
d In Cf

Substituting valvas for C ’ and i'f in the numerator gives:

- U aon
p wn’ & In K, (%% fou

= {3.19)
r o d1ncC

Fy
5 is constant and varies slowly with 3(’“, the folliowing

.~
yalia:

ion {1

1]

~ I
T md s 2T 4 v A
- - =3 d H - 13 ha

-~ B i
ot

i )

LX)

sl

P

b

[N

&‘W’i,"



Teking the recinrocal sispe of the plet of log C,. ve, log C°% fer

& given oulsids concentrstion we ean chtsir the valus of D ,fl)e Tor sny
4

c to ssturstisn,

on =

it Bn is 20 sciivity indspendent diffusion coefficient then the {lvx of

sincaie slong the x coordimete st sny momert of time g~ sy paint of the
mewbrane is:

{3,271}

£
H

; VO OX g{ \Uox f;{{;
sibetituting eur expreseions for C, and f, in Kg (3.21) zives

) C \ P E*P’ e
Jzei " z}ﬁ! %x ’} - 3; ( D'i ‘fg 3951 < 2 !
' o L)

—

§ 00 .00 fa \
SV I K ;Etw ton (3.22}
fot - 33{ H) { l}}ag }

Dx J L ox

The sincste sctivity coefficlent in concentrsted XOH (£90) 14
probably enly alightly dependent on sincste concentration but is stroengly
influencec by the KON concentrationm.

Iz such s cage then

J=D %  nogd pon
¢ (3.23)

Farthermore we can represent D; « D, x;l a8 being equal to tha
éiﬂumcodfume!smumfrnmml concentration equal
to thet in the wesbrane multiplied by some perturbation coafficient which
in the siwmplest cese will be & tortnosity coefficient Y representing the
extended peth of diffusion between the fibers,
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The prendo-diffusion coefficient ?’3? 12 {3.23) 48 siven s
t m Y 200 A e o0 » fO‘u
Pp = Do £ = 0p Ky 1 Dypg T By (3.2L)

}ira ;&11 ii "pseudo” Lecsuse it diifers from the diffusion coeffictent
D, defined by FicX's first law By. (3.13) and (3.20),

The stationary flux fror the sinmcate rich tlene T to the gincste
pocr plane II is - then

doo = T (of7 Th/L £3.25)

Since we have sxpresgicns for Cos Cv, J snd Fb ss
& function of CO% {at equilibtrimm), we can find the distridution of
above values in the membrane.
From the nnnrityoﬂgq (3.25) 1t follows that with any distance X
frem plang II we can essociste & cancentration CJ%

f«3¢4
e = cn fow - i /é) x (3.26)

Fow 4 €1 e 0, (3.26) redwes to
(3.27)
ou ou _;
c, - CI x/L
Inserting Eq (3.27) into By (3.6) amd teking the logeritim ef both
eider gives:
- ou ., ou

iogli log K GGr x/g + K‘.igl 1/3:“ ' (3.28)

where £f the concemtretion of free sincate st &%¥ point




L
- , . IR
Eving S; we cEn teleowisie the comcentration of sdsarbes gine ;:;Cxﬁ
#1 17y point of the memtrane since from E (3.5)
of s g) (3.29)
b . 4 * §
c:- = C“‘a(gf x W?ij

Knowing c":: and Si %o can plov the Mstridution »F the iotel immer

concsntraiion o7 gincate Sx

0 - L )
C =S, *0 {3.30)

in the membrane €€x vE., X},

3.3 Results of the caloulstion of gineste salubility and dif'mion
in cellsphane froe Expsrimentsl Dats.
Samples of cellophane PID-300 were sesksd for 5 deys in LI XOH containing
varicas guuntities of gincate ’ a% rom tempersture,
ifier boming of” the cellulase Zn <n wes determined polsrographi. ~8lly.
Tke results for the depenience of ihe snslyticsl content of gine in the
meRbrEne 88 3 funciion of outside conceniration were anelysed in & mermer
desoribed in seetion (3.1) to obtain the quilibrimw solubility parsmeters .
From the plot C va C°, the two constents, Cocoand oy were
dltu'ninadu nm 8 to bel trh-m.ratugnnimt riguru given
here do mot necsssarily reflect the precisien of ths method)

G‘ = 0.35h moles/iiter

0% = 1.09 moles/liter
=
Experimental values of Cf were fourd from the differsnce

Gf-C-Cm

end arc given in Table 3.1.
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c™ ¢ e
1073 0.218 , -
107 0.296 -
1wt 0.354 o
¢.300 0.35k o
1.00 0.705 G.351
125 o.817 0.6E3

A plot of stfﬁm vE, Ca/'cfz gives the coefficients K and El (cf. paragraph
after Eq. 3.5). All cosfficients sre listed in Teble 3.2.

The calculsted values of C‘f for verious ™ are plotted in Fig. 9.

Bince log ?:f ¥6. 1ot C°F will be necessary later in the &igcussion on

diffusion ve presert it ss Fig. 1C. The sdscrytion coefficient EEY wEs

found from the plot Co/C, ve. (€700 (ef. Eq. 3.10) by utilizing
initisl experimental points of c™ vs. C r from Table 3.1. These results
give K; as 5.59 x 1c* {1iter mote”t)

~ The ahnhhad absorption coefficients for zincate in cellophane
are listed below.
Table 3.2

Cslsulated Absorstion Constants for Cellcphane in Zincate Sclutions

<2
X = 3.3 x3i0
X, = 2.4

K, = 5.59 x 20" liters mole™t
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Thug we now héve the necescery deis to plot the ghesrmilion ‘smcthers
By {3.9) and to check ite sgreement with the axperimentsl results,

In ¥ig. 11 it mey be seen tnat the sgreement im good.

The separsiion cosfficient Kp -c, /C°% 4s & functiom of COM, gnd
this dependence 1 shown in Fig, 12 curve 1. For comventénce of discus-
sien alwo !'.p“l is included as curve 2,

It iz evident from Fig, 12 curve 2 that when the zincste comcentrstion
outgide the cellonhsne drope, the concemtration inside drome much Zseter,
In zstureted zincsle the concentrstion ovteide ths mewbrane excesds the
somesntretion of fres gincete in the rewbrane only 12 times. This= rstic
changes Tepidly as the solumiion becomes more dilute; for exsrple in
0.01 ¥ solution s‘m/ C, = 30

| To cbtain some fndicetion ss to what iz the nature of the sinoate
sdserpiion on the cellulosic *ibere ths ratic s moles of sdsorbed
2incgte f- murber of moles »f gluccse in fibers wes celculsted, Tha
formule for scelliuloge i3 ité?;a ""i}ﬁ with ¥ W, of glucoss in 8 chain
162,31k, The density of cellophene is 1.61 g/rl.

From cur dats the maximum quantity of adsocrbed sinc (C, ) is 0.59
moles of zincste per Kg of dry cellulose,

Therefore at maxizum coverage there were 9.57 x 1072

moles of
gincste per mole of glucese. This corresponds tc the adscrption of one
molecule of zincate per ten molecules of plucosme, This irpiies then that
there {3 no adsorbilien slorw ihe cellunlomis chain, The f2ot that ons

molecuie of glutose can bind sincste physicslly or chemically end nine

others cametjmggmets thet one molecule occupies either srecisl
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this ssguming that pincate 1g gAscrbed st the lsei moleculs of & chein,

We don't Imow how Bmeny moleculss sre adsorbed st gush an end molecule.

1 n molecules sre adsorbed at esch end (where prebadly 1< n <k )
mmmdwﬁmof“n@mmu nx 20.
Onoe we bave calculsted C Ve COU ye cam consider how the diffusion
aspefficient B changes inside the merbrans as 8 Tunction of eoncentration
25 the m tesarding to Tg. {3.20) the rsciprocal of the gleps of
the plot of Ln C, e i{}; Con {Fig. 10} st sny i’é! gives us retic Efi‘?}e
st this em@trs»im. In Fig. 13, depexience of Bf"’ﬁo on botk Ty
{curve 2.) and the irsginary velune cf €% {curve 1) is plotted.
For very dilute cincate solution D¢'= Do, while for cemsentrated
soluticns it falls to 0% of D,.
Fimslly the distribution of totel sincate content in the pembrene
during the stetiomesy diffusion was cslculated for vericus cIs when

ﬁi - 0.

Bqustions (3.28) end (3.29) were empleyed to caloulste c: emd P
and their sum wes plotted vs. x in Fig. 3L, It is cleer ihen that
gradient of concentrstion 1s not constant.

" 14 4s cnly for very low outside cencentrstions that the concentretion
gradient spproach linearity.

= determine the pseudo disfusion cosfficient Ep in oslluloeic

smntm;‘!“ wes messured in & vesssl cemposad of two compariments

separsted by a membrens.



One cowptrivent of the cell wes “41%ed with LIS ¥OF end zomired
overnight. Then gincste solvtion {1L0 MgZnG/ml) in the sawe con-
cenirstion of KOH wes sdded to the second cempartment and increasing
concentration of sincate in the first cerpartment was determined polsro-
grephicslly, Bp was cslculsted frem By. (3.25) assuming that

on
cI >> CII::..« R

Resulte are given in Table 3.3

[ Y]

Table 3,

Peeudo diffumion coeffisiests of sinc through the
celiophane eeparetors (room tsmperature)

Wet Permsstion o

Separator Thickness rate P
(em) Moles/pee /ox’ on’/sec
PO (300) .00R 1.3x10°8 6 x 1078
c-19 {300) .008 1x10-8 L.62 x 1078
P (600) .012 0.95 x 1078 8 x 1078
Ssussge Casing 018 .55 x 1070 Z.75 x 107t

{elear)

3.k The Infiwence of Syrfsctants on Miemmilen in Sepersters,
In previeus sections we discussed adserption of sincets present
in KOH solutiens when no other substance capsble of sdsorption was present.

It {5 of intorest te imow whether the presence gf cother substances
cepsble of edserpiion infiuence sincate sdsorption on cellophsne. In
this investigation sarples of PID-300 cellophene were Sosked for 5 days
2t roox tempersture in the LLZ KOH soluticns conteining incressing guanti-



P

ties of gincste, Three types of solution were used, Croup I hed no
surfsctant added, Group 2 was saiursted with Igepal $0-73C and Grewp 3
wag :ﬁmw with Triton X-100.

mu- uakiw, the surfsce of the samples wes dried by towsling,
The mesbranes wers then decomposed at 550°C snd Zn determined polsro-
graphicslly.

The wegults sre zhewn in Fig. 15, Curve 1 gives the absorption
isptherm of sincate withoul surfacisni. Curve 2 shows the influence
of Igeal CO-730 on the absorpiion isothers for rincets, &nd curve 3
ghows the similar influence of Triton X-100.

It is svident that both surfactants decresse sdsorption of gincate
on cellophane vhen its concentrstion in the cutside solution is low.
In other words sdsorpiion of swrlsctants on cellophsne decrssses
mrber of the sdsorpiion sites eveilsble its zincete. When the con-
sentretien of zincete is sufticiently hiph it Jesplaices surflsctantis
end 4n 0,5 ¥ solutions of zincate 21l sdsorption sites sre ocoupied
by sdsorbed szincate, so that sbove this concentration there is nc dif-
Terence in C  in the presence or sbsence of surfactants,

The increase in totsl zincste content in the membranes, which
occurs above 0.5 M zincate, is dus to increase in concentrstion of free
gincste, and so the surfsctants have no significent influence on this

poriion of ihe absorpiien isctherms.

e oo okt il Sl btk
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Crystel isetion of ZaC in Sepsrstcors

Hicroscopic invesiigation of seperstors which were sosked in
gincate solutions reveals the growth of crystals in the separstors
alzmost mutely after they sre taken from the solution and towel-
" 1ed. This is not surprising, but it has s practical consequence,
Sepsrators in the ailver-ginc cells undergo periodic wetting smd
drying during charge and discharge, especielly since thermal effecis
sre imvelved, Alsp, the ligoid level Jglle in the negitive comperi-
ment during dischsrge &posing the tops of the sepersiors.

Cellophane, PVA, and grefted polyethylene were exsmined; two
dimtinctly differsnt cryetal sises were observed, To deierwine the
ocomposition of the crystals in sincate satursted mewbrenes several
tegts ware parfommed. First & cellophane rembrane was soaked for S
deye in LLE XOH centeining 0.5 M sincate. Then it wvas teken out,

tletted, {nspected microecopically, bolled in water, #nd microphoto-

grephed (Fig. 1fe). There wee no distimet diference in the gppearsnce

¢f the zmembrane tefore and aftar toiling in weter. In both cases large

aglarerstas of axall crystsls were ctserved, Nex! the membrane wae

gosked in KOE evernight st room tempersture. The thotograph (Fig. 16b)

 showe thst the sglomerates dissppesred. In their plsce s transparent
spperently hollow spece was left, The cryetsls were therefore Zr0 or

2n{DH) 2




Fig. 1%¢ shows simfler cryetelisetion in TVA. Whet is werth
noting are the crecks in the separstor sround the cryslals. Iamage
to the seperstor is especislly evident here.

Separstors were sosied in selutions both with and without
surﬁetanu, and were examined wicroscopicelly. It wes observed the
condition of the serarator was the ssme in both cagses, sltheugh in the
presence of suwfsctants slieghily bipgper crystels are formed.

3.6 Bon-Statiensry Diffusicn of Zincste 4n Seperstors

Statienary diffusion rste studies vield vhst mey be referred to
&8 & peevdo-difTusion rste, Lﬁp, s8 hss bean discussed sbove., TH
mesgure U, a5 defined in By (3.13) we have to study the nen-stationary
stagesof diffueion. They sre derived from Fick's Second Law

ot . o x° {3.31)

RKon-slationery or irenzient methods messure flux ss & Tunction

of time. They are perhsps ol even grsster intersst ic us beceuss sine
reneiretion ihrough the sepsrstors is & non-stationary process.

io develop & model for the transport of sinc to the electro-
crysiklising tip of a dendrite one must understend better the conditions
fer pan- :hiumry diffusion in the separators.

Instantencous diffusion perameiers differ considerably from those

of stetlionery diffusion.
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nen Lhe sondilions for stesdy-siste permesilion are DET -
urbed by 2@ sudden change in concsniration, ihere is & veriod
irmediately follewing the chinge when the diffusion fliux is s
function of time. This continues until new steady state conditions
are established,

One non-slaiionsry method, most frequently used Zor determination
of 1iffumion coefficients, is the time lag wethod (Rarrer, Trams.
Feradsy Soc., 25,470}, In ihis methad the muentity of rincste which
peneirated ihreugn the merbrana cen be obtsined at veriens times ry
imtegrs ing the rising permestiion sfter incressing the concentratiiem
c;‘ vhile maintaining €27 = 0, Extrapclstien of the linesr portion
of the plot to J«0 gives the time lag L.

From L ths value of 31. cant be determined:

L= (
€,

LY ]

032}

DeVanaihan has shown that the time 122 methed may bs simply applied
by spotting the time st which the rate of permeation iz 0.6299 times
the steady state value.

Another method (Devansthen, ibid.) for determining D o stilizes

the equstion of 8 rising transients

{2
fn(g - ‘&ﬁ - m(1-e7t, & Hte.

.33

)+ In, =/t

3 < 3
[= =

/ x=t




Whers t_ ,the rise time constant, is relsted to the diffusion
constant by the eguetiom:

I, 2 {3.34)

decrezse Tor the decety irsnsient, {1 wee showrn thei:

*

oo e ° (3.35)
(=0 ) te0 -

b

J{X-C* ¢t

Where t_ is given by Eq (3.18). Fence a logarithmic plet of

%

Y
(w0 xe

a5 & funciion ef time should have the same gradient as the log plot
for the rising irsnsient es D iz the same,

A typiocsl permestion transient is shown in Fig, 17. This is s
plet of diffusion flux J v time. Curve {1) cormsponds to the case
when adsorpiion does not influence the transient,

Fermsation into 3 membrans starits 3t =0 4dues to 2 sudden incraazse

ik BN

4 ~ou . ou - _
“n v while G is constant. Tor & Sertsim veriod of time there is
. T
.

no respenBe. 1nen the permeation staris &nd incresses repidly unmtil
the plateav of steady permestion is resched. Iecay treasient stasrts

when C°" is decreased back to g7+ The time idg for this curve is
1




e . x

indicstsc by L. The ilemm Jg reprezents ihs gresdy~-stats permestion
flax.

Curve 2 in the same figure shews the influence of adeerption en
the permeation transient. The time lag L. is extended here, The
gquantiiy of ihe adsorbed zincate cen be caloulsted Irom the differencs
teiwcen the integrsis of curves (1) snd (2).

Ir order iz zezeure the rermestion fransients an gppereios showm

in Fi

. 18 waE devised. Tne icst membrane {1, i fixed with epoxy resin

i

4o iucite iubing, &nc covered s lsyer of mercury (2. The mercury wés
commected by means of 3 sliding contlsect to # potentioatet, The mercury
was polsrized catbodicslly ageinst the coumter electrods (5) and its
poteniisl is meintained constent with respect to the reference elect-
rode {L) by mesns of the potenticstst {Z). The cathode with the menbrane
15 rotated by & motor [6) regulated by sn elecironic speed regulstor{7].
The cell 18 4nitislly filled with KUY sclution Jesersled by Tlushing
with ‘2 . To steri the diffusion trensient zi
by & syringe {10). Zincate difiuses threugh the rembréne end when it

1
31
i d
th
t
o
[«
ot
bt
)
e ]
b
5]
4
i
¢
0

reaches the cathede currenmt staris to flow, The concentration of
sincste on the irmer side of the wembrane is meintained st zero because
ery rincate resching the cathode is reduced immedistely to zinc metsl,
ész;tm}_‘ied retatisn was necessary to eliminate formation of the beundary
lsver and maintain & consient e1d known concentirstion et the surfsce of

the mepbrane., Thsrelore, the conditiens necessary 1o messure the

transient are fulfilled,
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ifier ine stesdy flux is rssched the Jecey trsnsisnt can be
mede by displacing the zincete golution in the main cell by EK0H from

vessal {8). Flow of the liquid from the cell is through an outlst

not indicated in the figure. Preliminary experiments were run with

this set up. Dats will be presented in the final report.
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Pelertzetisn of Shape Chenpsd Tine Tiscirodes

[
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Zinc penetrstien through seperetors seems to be correleted 4o
zinc shape change. Shape chinge cen be cherscierised by three
slementes 1. rste of decresse in gecweiric area of plated zinc with
rerber of cycler ( -dAg/dn); 2, rate of decrsase in real surface u;t cor)
per unit of geowetrical ares of still sctive sinc (Ar,/Ag s 4% = rwgh::::jr
with mumber of cycles (n) (-dA%/dn); 3. rate of change in demsity of
tinc deposit.

In view of our previons experimenis with & tunnel cell we imav‘
thst deneity of the zinc deposit 18 & fumction of sinc overpotential.

We imow alsc thet change in density lesds to a change from the mossy to
the dendritic type of deposit. During the gslvenostatic charging the
sinc overpotential is 8 function of the real surfacs ares of sctive

sinc (&r) « A_ chenges with the number of cycles as:

TL <] .
S SN Y S (b.1)

(
dn 'm0 dg n * dn  'n

There 12 8 positive feedback betwesn the mecand term of the right side
of L,1 and the density. Decrease of A with n leads to incresse of
cwrrent density, shich cawses incrssse in the overpotentisl. Incresse
in uvm';iotexzthl causes -incresse in simé density, and decresse in A°,
Conssquently the process of incressing demity of tlw ginc is self-
sccelersting,

In an experiment desoribed below the rise in cherging overpsten-

tiel wez used ag an indicator of the shove affeot,




Twe ®inc ovide slectrodes (1 25/32 x 3 1/B = 2,96 inf comtaining
8 gr of & vixture of sinc oxide with 3.3f teflon emd 2% Eg0 om L/O
Bowel grid) were used in the experiment, One of the electrodes had
heen mlaa for 68 cycles in & Silver-Zinc cell. The chsrging cmm
s 42 u/iaz ﬁuchﬁrgs em&: was 60 ufinz The other elwme
served as @ comirol. Both electrodes were cherged in a dummy cells
comected in series, to a2 half of the theoretical capecity. Polarizs-
tion cuwrves were run #nd the results are shown in Fig. 19. Decrasse in
A8 om the oycled plete was sdout S0%. Zinme shepe change on the cyrelied
;:wse is shown in the lower right corner of the figure. Decresse in
current wes much more the 2I, which sugcests thet A° wes decressed.
k.z mmhuni of Zinc an the Rotsting Disc Electrode

- wmm:meugnm trathcfrnsimatcsn}mtmma

 statiomsry elecirode or on s rotsted slectrode, after & certsin tiwe

the diffusion lsyer resches s constant thickness. On @ statiomsry
electrode neturel comvection is respomsidle, Control of meturel cen-
vection during the plsting 412 & rether curbersome tesk, Thermsl affects
sccompeny pisting itself. The electrolyte changes density. Even the
shepe and sise of vim cell can bave some inflvence on the process. This
ﬁuﬁ r&utc Poor reprodueibility of the results. Replscing the naturel
comvection by 8 forced flow improves the contrel of the plating process
without essentislily chenging the mechanisg. Parsmeters relsted to
energy of sciivstion will bs the ssme in both ceses, The only reel 4if.
ference is in the thickness of the diffusion lsyer, snd rotetion
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experiments, This is the resson why we did etudy plsting on & releting
dise slectrode in our program.

The set up used in cur experiments on plsting on the rogating disc
electrode was described in the first quarterly report. All expsriments
were run at room tempersture snd 4n 35% KOH. Zinc plsting was run on
silver discs,

 We will coneider first plsting frem the sstursted zincate. To
determine the velue of the diffusion limited current & volisrperometiric
curve wes resgureG{Fig, 20, cwwve 1), A pletesu of 4iffusion limited
current is well formed, and corresponds to sbout 700 mA/in? (105 mi/em?).
The helf weve potentisl was 120 »V vs. & sinc reference elsctrode in
ssturated sincste. Below this potentisl the plsting is predominsntly
sctivation coentrelled, while at higher potentials it is predominsntly
diffusion centrolled.

Thecraticslly, thes half wive sheuld be independent on the spesd of
rotation ss well as concentration of zincste, It is important thet there
im very little "hysterisis®™ if the messuremeni is repested fesi incressing
end then decreseing the negetive potentisl curve 2 in Fig. 20 shows the
current values after & guantity of zinc eguivalent to 9L coulombs was
plated. There is practicelly no difference in the half wave potentisl
before and sfter plating. The limiting cuwrrent is slightly higher after
pPlating., Plotting a Tafel 1lins from Fig. 20 an exchsnge current (i,) of
zinc wvas found to be G.&B&/w?, for roughness fector 2.

Changes of current with time during the poisntiostatic plsting are
shown in Fig. 21. The end peint af sach curve corresponds tc 188 coulembs
of pleting. After the initisl riss the current value becomes &lmoel

constant for all overpotentials between 20 snd 220 mY,
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Similar expsriments were performed for lower concentirstions of
gineste, The hall wave potential wes constant for zincate concenirs-
tions between I and 5 x 107 (Fig. 22).

The petentiostetic plating from the dilute solutions (Fig. 23)
shows an. incresse of plating current with time.

In order to check if the Zormulas derived for the cslcuiation
of the thickense of the diffusicn lsyer {g} for rotaiing disc electrodes
cgn be gpoiied to the cese where & rough deposit hes farmed on the surfsce
of the electirode, the levich egustion for thickness of the diffusion

lzyer with lsminar fliow was useds

1/3x1/6 -1/2

5 - 106¢ D “s

, ‘ a
whers 0 = the diffusion coefficient of sincste in XKOH = 3 x 10‘6cm23ac

in 35¢ X0¥ (ef, Sec 2)

viscoeity s

Y = Xdinematic viscoeity = 2812102 Stokes

dengity
o = angulsr rotstion speed (radians/sec)
Reynold's mumbers { Re = :}2—) were calculated, They were much
smalier than those fer which turbulent flow starts, which are betwesn
2500 anﬁ 350& In the above eguation, r is the disc radius.

The diffusion limited current is given spproximstely by the

Gﬁﬁlti@i g PN
d E

where ié « the A4Fffnpion 1imited current

n the mmrber of electroms = 2

F = the faredsy = 96,500 conigrbs

c the concentrstion of eincate in molsl/cmB
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Celenlsted gvd experiren t&l velues "or the limiting cwrrent g%t the
tepinning snd the snd of plating of "9 coulorbe 28 s function of the
squsre root of the rotaticn speed are shown in Fig. 2L. The agreement
between the caleuvlated i, for laminar flow #nd the experimental values
cbtained at the begimnéag of the nlating im good #8 can ba ssan in
Fig. 2k snd 25, After ths plating deviation from the linear dependence
is more comsidersble. icrsscopic inspmartisn of the discs a®tar pleting

3t the half weve potentiel {00 »7) 2n

hda

8% the v8lus chisined for the

34T apion Iimitad corent{220 g7} showed = demdriiic decosit. The
incresse waer therefore probatly due to soma c«:‘tribﬁtisa of turbulencs
srcund the elecirode. Flow nevertheless camnot be sonsidered as
completely turbulent becaunss the experirental values of 1:! after plating
ars wuch closer to the theoretical “‘d calculsted for laminar “low than

to the i& cgleulsted for turbvient flow.

g for turbulent flevw ver oslsulstet Prom tha Vielgidioh

~ r SNy L3
§ - 52T ()

L
i comparison of experimental dets with those calculated for lsminsr and

agustiiem

turbulent flow is given in Tabdle 4.1
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Any mocel of sinc plating shouwld explain at lesst gualitstively why
3 types of zinc deposiis sre rossibles srooth, mossy smd dendritic, and
their depenience on the cverpctentisl ('t), C and (.9 . Yore mpescifically,
the "ailowiag facts should be explained:

1. “hy srooih deposiis zre formed ondy st hizh retatiem
gpesis (when Re is close to or exceeds 2500}, st low
overpeilentielis (€50 =7 in concsmirated sincste
golutione (0.1 - 1.3 ¥),

2. Why mossy depesits fore wyier the following comdi-
tisnsts

Y low {0-100 w¥)

Re low { < 1000)

C high (0.1 - 1.3 ¥)
The following properties charscterize mossy deposits:
Aimost constant dismeter (0.6 « 1.0 p); the density of
the mossy deposit incresses with n and with s, snd iz
independant of ihe thickness of the plated layer but
incresses gresily dues io edsorption of certein sur-
Jaclants, «hiskers Iorm on pieting in & Inl slurry.

3. Why dendritic depesits forr at high n (> 190 »7)
and prsferably st low U, Dendrites sre charscterised
by variable dismciler, brenching, and chsnges of density
with thicimess of plated layer, D[endrites are not
formed when plisting 4n 2 InC slurry.

In order tco axplain sbove facis qualitatively, we suggest s physicsl
model which can serve at least as & preliminery working hypothesis,

Coneider first the begiming of the plating. Two pomsibilities
exist, Either the type of ihe deposit depenis on the nature of the

carrent e~llectar on which we plate, or it does noet. Ixperizents of

plating on sheets of zinc, cadwiwe, silver, stsinless steel, zteel,
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pent the type of deposits., It Is nossible to obiein
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smooth, mossy, sand dendritic deposiss on ary of the shove metals, We

assume tharefore the fellowing: the surfsce of sny of the zbove metals

'PP‘M‘HQ Bes much larger mmber of sctive centers on which nuclsatien

of :im wﬂl take place than the mumber »f vhizkerz or demdrités” which
erentuslly w11l form on it. The nature of these centers sesme ic ba
irrelevant,

Smaoth plating coture st hick Fermeld's nuzbere far which diffusion
1imiting cuwrentis are very hish, amd 3t low overpotentisls, In other
words, smooth plsting takes plzsce under tha conditions of axclusive
activation contrel. Plating spparantly takes placs both at pointe of
high and low surface ene2rgy.

Whean Re is low the situetinn sears to be different, 2nd the deposit
bacomes elmulizncouely sotivetion and M fusien rontrellsd, let us
2eeume then thet the pisting steris st verious cemters with &n uneven
rete, The resl initiel current lensity in active gpote must be high,
s rust be low elsewhere., When there iz not enough flow, local dif-
fusion lsyers of thickmess 5 are formwed around the sctive spots so that
(ax fat)y > 0, where X = § + (X ), (-X) being the distance batween
the eurremt sollector snd the diffusion layer; and fy,s) i tha plane of
the elsctrode, There are tvxc possibilities, Fither the depomit in an

ective enot fulifils the cond tiom;

d1/4t « dY 4t
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ans follews the expensing Jiffusicon leyer, &nd whisker forme} or
v Aad v f - bl R T T : meeee b PR
di/dt € di/dt, ana the whisker, slihough Leyun, 5i6ys Lenind the [rent

¢
of those whiskers which heve the necesgary rste of growth. In such s
case it becomes concenirailon pelarised end stops growing. The growing
whiskers which fulfil condiiien{5.l) forrm the moesy deposit.
The situatlion zccompernying Lhe slesdy zrowlh ol & moss

y deposit is

dis rameticelly shown in Fig. ¢2. Cconsider whiskers - anc I, we cen
nguish three rsplons On 250h Wi . Thes tip, which hes an

sasy sccess Lo ihe Iree slectrcliyis and inerelore st low overpotentisls
piating on it is eniirely chargs trensfer controlisd; (Z} The intersediste
regien, in which there is & contribution of concenirstion {diffusioen)
overpstential, n4- The tetal overpotentisl is then n = n,+ nd

(ef, Fig. 26}, whers n , is cherge trans{er overpotential,

This is becanse inez concenirsiisn ef imxaie inslide ¢f the Igar becomes

Eore and mere depletes lrig. 21,3 1, -ne inirc region in walch

s

whiskeérs sre completely polsrised dus to consuspiion of #vsilable zincete,

before it resches this region, e have here n = ng. This modsl there-
Y &

fare shews how the deposit csn be sctivation and diffusion contrcolled
at the same tize., Plating takes place in both regions (1) and {2) wp
to the depth § +5 in the deposit, vhere 5 is ihe tnickness of the
sctivation emz;rs}l-é region on the growing zinc deposit and f the

3

thisiness of the mixed gctivetion a&nd diffusion conireliliec regicn.

v

of olating
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‘here ® 1= emount plated (in moles)
dm /4t is the rete of plating on the tip under the exclusive
v cherge transfer conirol

d= /dt 1is the rate of side plsting in & .

Let two vhiskers B ard C start growing toward esch other {Fig. 26s).

Then we will have:

(7 - 3  {n - b

m=-ng)y { (n=-n a1t
{.3)

Begl < HBar7Tr

is the sctivetion overpotentisl on the side of whiszker C

wWhere
la adjacent to whisker B and
is the sctivation overpotentisl on the side of whisker C

R ,
'nrmtofrmﬁzilmn

due to wutual screening of ttie diffusion {imx, so
(s.b)

II y I
N -~
b

(>

Eand T will chkinge their direction awey

Congeguently the whiskesrs

from sach octher,. Wwhiskers
a result of frequent changes in the direction of growth of every

whisker, & complicatied network is found as indicsted by our micro-

therefors grow so to avold sach other. is

thotozraphs. This explaine how the mmber of whiskers per unit
geometrical ares of croes gection stsys constent during the plating.
how S and d (24 being the distance

In order to get scme ides of
pdiscent vhiskers! sre related to n,

between the canter of the tipe of
interdependence was made,

8 gimplified calenistion of their



Sirplificetion 4 dus meinly to lineerizetion of 8ll exponential
funetions invelvad.
The sssumptions are s followss
1. The totsl current (I) on a single whisker is
I=] +1
L (s.5)

where I is the diffusion independent plating current and

I, 18 the diffusion depenismt current

s O =
F L

2, For = J< 3 EZ‘:Id (5.6}

3. The diffusion flux vector of :im:ate, {J) bas & non zero
vaiue only in the diffusion region {2} of width f

L. Plating is stetionery (d S /4t = o) ll‘t the vhisker

Vgrowhgi.ntho x direction, -
5. Lm J vectors subtend the same solid angle tan d
With the x 4atis amd sre direeted sewshe 1v /f
{(ef vectors Fig. 26 )
Congequentliy:
4w Jimr en
(§-x}-=» §
The follewing relstionship hold
+ g 2 - K ? {Sca}
d
Ao (5.9)
T d
r .
§-x -2 (.10)

T - cannet exsead 4 without interfering with the fiux of
ihe neighboring whiskers,



« The concenirstion cversoteniisl rradiant in the
lryer is:
- Re . n (5.11)
d(f-x) §
.Y
hence: dn , = - a(S=x) (5.12)
and: LY
- g*X} (SlB}
Re " T
7. The surfsce concentretion C_ st snmy point slomg the
whisker is: y
CS - {tﬁ"ﬁ {Z - %gfns} (5-1&;
and from sesumptien (6)
AT . (5.15)
8. In the linsar sporoximstion:

- - "ﬁ" I h
Ii=31i /BT (R~ 5 4.
o R~ R4

oy,
W,
n
ot
e

vhere S5 i the plating surfscs ares and i, the
exchange current density.

9. If & whisker is considered as an ~longated cylinder

-277¢f § (5.17)

vhare S is the surface ares of the whisker snd
bs%wm x=0 and ::&g, ? iz the radius of the whisker.
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fdaring the :");fsss neglect
the diffumion flux to it, but we taks Sw into scecount

tc calenlste the plating current,

We calculste first a diffusion flux J. This is the flux
from the current sowrce of gincste of ares S -gdz,
plsced st the tip of & one dimensionsl whisker, to the end
portion § of this whisker.

The £Iux throurh the surfsce alement 45 slong }’!, is
egukl tos
¢ )
4J =D gdC/dyr}yr 4s Ao, Y

vhsra Iri:lpoint on?\r, and

L]
das 7\; is & surface element normel tolr st y.

dsjf\ ,y decreases when Y4 < 0.

r -

a5 = 45! 3‘;!;& ..
hriy r ir {:.1?;

wherse ds;\ is a surface elewent on A , ' 3 y-?*r
r

Grad C incresses vhen y/hr 0

(4C/dy)y = {dC/dy}R; -.E._ (5.20)
> by




dJ =D {dcf’ﬁyhrdsi {5.21)

We can thersfore trest the problem as if grsd C wes = constant

aﬁ write:
a3 = ofE™ - C) /7 r] as! (5.22)

45t = 1 d@fdrt = réfﬂ‘{_ dr (5.23)

whers £ is the »adisl angple slong the whisker in the v,z plane,

where 4r? i the height of 45! which is normal te ’hr , and 4r is

the height of 45' which lies in ths plans noymal to x .

Since ﬂr - r/d?\d (5.2L)
and

c, = ¢ (1-(6-x)/s ) (5.25)
then 37 = 3{(‘”“ c{d=x} ) /3 “J. afar {£.26)
but Sz = br/a
g0 aJ =0 c®™® $r /‘,\.2 . affar (5.27)

Intergrating equation (5.27) from O to 27 and O to 4 and
substitution of the velue of )\ yielde:

sapcon[6ea?/f 32772' (5.28)




Therefore, the cwrent resulting from the Tlux is:
Iewwcr [ ba?jg? + a2) J (5.29)

We shsll calculate now the current of plating &5 a tu:actién
of g . Substituting (5,17} and {5.12) inte (5.1L), and considering
the resulting owrrent only over the elewent of zurface ares E‘;?fd( £ -x),

fivea:

a1 = 2mpal(§-x) (AT}, /g a6 -x) (¢.30)

Substituting d(§ -x) = (§/d) dr , snd integrating we cbtain

nd
I - 2mpi, (F /) $n/a? ﬁj i rapf (5.31)

Qo8¢
P‘Q «
1-2m ek (wAT) g (2.32)

Substituting:
1, =P C% g (5.33)

where k 48 s sate constant (em/sec), and compering with
(5.29) gives:

52;’(52 + az)- swh . (ﬁ/hr)ek 3 (5.3k)

ors ¢ s 3
— " 3 {5.35}
2wF ¢ -}

T



This egustion fx velid only vhen:

RTD/2m Fplm > 1 (5.36)

‘We shall eslculste §/d in 35% KOH satursted with zincate as
& function of 3 . The range of R wes chosen a= O to 150 =V. This
is ihe renge in which the sapsroximations taien ere valid,

The perameters srs i3 follows:

ne 2

o= 28 3% 1073 volts

= -

=T
D=5 x 107 cm? /aee
k= L.16 x 307 cn/sec

f-hxlﬂ'scn

Aplet 6f £/ vs 1 1s shown in Fig. 27. We kmow that the
distance between the dendrites decresses with R . Therefoere, Fig. 27
shows thet{ decrsases rspidly with R, #t low overpotentisls (below
160 w¥). 4ibove 100 w¥ changes sre slow. The thickness of the inner
diffusien leyer { is determined by d, D, k, and R . When sufficiently
high overpotential is applied to the whisker the outer diffusion lsyer
vill start forming whils the inmer will vanish. The difference between
the two i= that the imner diffusion layer was following the growing tip
of the whisker, while the outsr diffusion layer precedes it. The change

Irom the mossy deposit to derdritic ia probebly relsted to this change,

s $ r‘,';\*‘.‘

T

s oy,

i T ’
o W\<‘;. N
0 Ry
o RT
«-4
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Saoek & situsidon in which the outer diffusien igyer 1s Tormed
is shown in Fig. 26b, Fo stsady stete will exist in this cese. This
means that betwsen two instamts of time t, amd t, § w111 incresse

frem gtl zogt? (rig. 26e).

The conditien of mossy plating dxsf-it = d1/4t is noet fulfiliad and
instesd we have the inequality dxsjst 2d1/4t . This mesns that the
fromt of the diffusion moves fester ther the incresss ir lengih of the
dendrite,

The problem of ocnstancy of redies (g} of whiskers csn be best
explained on the basis of the theory of Bartem snd Bockris. It showe
how the sotivatien overpotentisl chamges with the radius of curviture
of & dendpite st the tip, which can prevent Qf:‘m further growth,
(Prec. Ray Sos., 268, (1962) p.L85.) This will be discussed in the

next repert. Ailsc the mecharisw of ginc plsting in the merbrane will be

given in the next repors.
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£. BSummary and Comelusicns o

The rate limiting svep ir ithe derositicn of zine wee sxtablisted
by &8 colarograrvhic method tc be the diffusion rtrocess. Thiz was effected
by demonstrating that the limiting current is propartionzsl to the square
root of the helght of the mercury columm supplying the dropping mercury
electrode. This finding eliminates the possibility that Aisscciation of
the zingate ion, o charge tranefer, is rete limiting.

From the limiting current sod the Tikovic equation, the diffusiom
coefficlient of zincete 1n KOF corcentrsiions up to I0R 4s found to be

o~ ”~
= F

8.5 x 1077 o /888, AL higher soncentrations this falls repidly to

-
e

1.5 x 107 em"/sec. The diffusion coefficiemt therefore does not follow
the Einstein<Btckes lav vhich states that D is inversely proportional to
the viscosity.

Examination of abscrption isotherms shows that zincate in s separator
is present as sdsorbed zincate and as free zincate. It is only the latter
that perticipates ip diffusion through the separator apf in penetration.

4 low ratic of free intermal uincste toc external zincate consertration (s
characteristic of ar effective separator.

The concentration of free zinocste in & membrane is & nom-linesr
function of the concentrations in the sclutions at the two interfaces.
Equations have been derived for equilibrium conditions which give the
separate internel concentrations of adscrbed and free zincate as a function
of external sslution contemtration. ZEgustions have alsc been derived for

ths conlition of stesdy-state 4iffusion which express internmal concentration




of sdesorbed sand of free zincate g2 & function of disiance from one separstor
face, &nd of the external concentratior {assuming the concentration st the
other face to be negligible). The equstions show that concenmtration of
sincate within the separator is & non-linesr function of the distance from
the faces. From these squations an expression for the flux of zincate
through the separator is derived. When the flux of sincste through the
exterssl solntion to thoss regions of the zine slectrode in comtact with
the zeparstor fullis Deiow the flux through the separstor, them pexetrstion
of ths zeparator is initiated.

The guantity of zincate sdsarbed per molecule of regenerated cel-
lulose is such as to indicate that zincate is held only at the ends of the
chain.

At low zincete comcentyrations, surfactants displace zincate from
the adsorption sites, and thus decrease xrincate adsorption. At high
zincete comeentretions, zincgte 3isplaces the surfactant and the {nfluence
of the muxrfectant disappesrs.

As the liguid level in cells fluctustes, the separstor tops dry
out and crystals, shown to be Zn0 or Zn{0H)2, are deposited in this partiom
of the mewbrane. Cracks develop in the separator in the vieinity of the
w. It' has long been known that cellulose separatars deteriorste
first in the portions above the electrolyte level and between the upper
and lover limits of fluestustion of the electrolyte level. This cracking
arcund the deposited crysiale may prove ¢c Be an important festor in
separator detericraticn.




47~

4n spparstus for messuring zincate flux under gtendy-state 8ol
non-stesdy-state conditioms wae constructed an® put into coperation. The
eguipment is novel in that reduction of zincate at gne face holds the
sincgte concentration st zerc, and in that rotation of the menbrane
elimirmtes the boundary layer effect at the cther face.

e incresse irn overpotentisl in gelvanosiatic charging of & plate
vhich has experienced shape chenge is grester than would be expected from
the dscresse in gecmetric sres. This indiestes thet real aree Las 8180 de-
ereased. Thie finding is consistent with & self sccelersiing process with
the following steps.

¥incy decrease in geometric area.

Increase in cuwrrent density.

Ineresse in orerrcotemtinal:

Comversion from deposition of mossy zinc to demdritie zinc snd

loss of real surface.

Greater incresse in resl current demsity.

Grescter ireresse in overpctential and coarser depcsit.

The forg of zine deposited om = substrate is independent of the
substrate metal.

4 theory s presented vhich accounts for the form of the zine deposit.
At low cverpotential sincate can diffuse readily to regions neer the smis
of wvhiskers, but zincate is exhsusted defore it can renetrate within the
mess . Comsegquently, deposition is cimiitanecusly sctivation controlled at
the vhisker tips, ccncentrstion polarised within the moss, and under mixed

setivation and diffusicn controls in an intermediste region near the tips.




kB

This pert of the proposed mechanism thug mccounts for the chenomenon of
dapositicn being diffusion controlled st low concentration overpotentisl.
w¥hen the cverpotentizl is raised above a critical wmalue, the intere
nﬁi&t‘m disappesrs because the deposition rate at the tips increases.
The diffusion layer moves out beyond the plane of the tips. The entire
deposit now becomes diffusion controlled causing a change from mossy to
dendritic structure. Toe exchange curremnt denmsity for zinc in kb KDH

~
ves messured and found to be G.000 A/em (esmuming s roughness feetor of 2).
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T TROGRESE FOR TEE FIXT JUARTEF
1. Continue kinetic studies of zinc depositicr with special emphasis
on the use of the rotating disc technique to establish the
paraseters needed for comparing the propased mechanism of de-
position vith experimental findings.
2. Extend the studies of zincate flux in separstors to a range of
msterisls.
3. Construct the cells reguired By the contrsct.

4, Complete the Finmal Report.
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Pize 13 Varistion of Fisk's Diffusion Coefflcient
of Zincete in the Cellophsne as & Funciien of
' Concentration
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